ABSTRACT: Although integrins are responsible for the interaction of cells with their environment, e.g., the extracellular matrix or artificial substrates, there is still a lack of knowledge about their role in cell adhesion and migration on protein-coated substrates with microtopography. Understanding such interactions could lead to new applications in e.g., medical implants as well as shed light on processes such as embryonic development, angiogenesis, wound healing, and tumor progression. In this work, the influence of surface topography and chemistry on αvβ3 and α5β1 integrinmediated cell adhesion and migration of healthy and malignant human cell types (human coronary artery endothelial cells, human osteosarcoma cells, and human skin fibroblasts cells) was studied, using microgrooved and flat substrates covered by two different extracellular proteins, fibronectin and vitronectin. Although some general behaviors can be observed, cell migration (speed, directionality, and persistence time) and morphological adaptation (cell area, aspect ratio, and circularity) of cells on protein-coated microgrooved substrates are mainly dependent on the cell type and its specific integrin expression.
INTRODUCTION
Integrins are cell membrane receptors that are activated by extracellular matrix (ECM) ligands. 1−6 They serve as a mechanical anchorage and are significantly involved in the bidirectional interaction between the actin cytoskeleton and the ECM. 7−10 The ligated receptors cluster and regulate chemical signaling by controlling the spatio-temporal assembly of adapters and enzymes. 11 Studies on planar surfaces have demonstrated that such initial clustering results in focal complexes, which are small protein plaques, less than 1 μm in size, that consist mainly of the integrin αvβ3, phosphotyrosine, and talin. 12 The proper transmission of force through the actin cytoskeleton enables the maturation of focal complexes to focal adhesions (FAs). 13−15 FAs are larger plaques than focal complexes, with sizes up to a few micrometers, that incorporate the integrin α5β1 and zyxin in addition to the components of focal complexes. 12, 16 In the last stage of maturation, fibrillar adhesions are formed, which are fibers that translocate centripetally across the ventral surface of the cell. Such fibers mainly contain α5β1 and tensin, 16, 17 and induce ECM remodeling, not only by changing the composition of the FAs but also of the cell environment. 18, 19 In contrast, the strengthening of the adhesion sites and the cellular mechanotransduction are attributed to αvβ3, which is confined to the edge of the cell membrane. 10, 20, 21 Integrins are thus involved in regulating the cell morphology, e.g., in protrusion formation, as well as in cell migration through the activation of the small GTPases Rac1 and RhoA, which induce lamellipodia formation and actin contraction, respectively. 22 Moreover, the antagonization of α5β1-recycling loops and the overexpression of αvβ3 promote directionally persistent migration, 23−25 which suggest that α5β1 induces random migration unlike αvβ3. 26 Nevertheless, recent studies have brought to light the complexity of such mechanisms, 27, 28 which calls for new tools and strategies that could allow the study of integrins and their related cell substructures, i.e., lamellipodia, actin cytoskeleton, and FAs in well-defined environments. With this objective, substrates with controlled micro-and nanotopography consisting of different structures (grooves, pores, pillars, etc.) and materials (titanium, silicon, poly-(dimethylsiloxane) (PDMS), etc.) have been designed by different techniques (photolithography, reactive ion etching, soft lithography, nanoimprint lithography, etc.). 29 For example, PDMS substrates consisting of micro-and nanogrooves showed that fibroblast cells are sensitive to grooves with a minimal depth of 50 nm, whereas endothelial cells require grooves about twice deeper to elicit a response, thus evidencing the importance of cell type to establish general observations. 30 Moreover, different fabrication and functionalization techniques have been developed to achieve spatial and temporal control over the substrates used for cell culture. 31−33 Thus, strategies to orthogonally functionalize substrates consisting of various materials have been developed based on their different chemistry achieving chemical control at the micro-and nanoscale, 34−37 which e.g., demonstrated the tendency of the integrins α5β1 and αvβ3 to colocalize when using orthogonally functionalized micropatterns. 34 Furthermore, the elucidation of these cell−material interactions may also result in medical advancements, e.g., in the treatment of cancer, due to the role of integrins in angiogenesis and tumor invasion. 38−44 The development of implants is another medical field that would profit from a deeper understanding of integrinmediated cell migration, 45−50 especially when using substrates with micro-and nanotopography. There is also a lack of knowledge regarding the influence of cell type on adhesion and migration, which should be remedied when considering medical applications, given that cells may possess and express different integrins, 3 and thus, results obtained with a particular cell type may not be valid for the others.
In this work, we focused on studying the influence of combining specific topographies and coatings on α5β1 and αvβ3 integrin-mediated cell adhesion and migration across cells of different biological origins including healthy and malignant tissues as well as different functions in vivo to establish common traits. With this objective, the behavior of three different human cell lines, human bone osteosarcoma cells (U2OS), human skin fibroblast cells (FC), and human coronary artery endothelial cells (EC), was evaluated on microgrooved substrates consisting of parallel grooves with widths in the micron-scale and depths in the submicron-scale. Moreover, the substrates were coated with two ECM proteins, fibronectin (FN) and vitronectin (VN), which induce different integrin activation, i.e., FN activates both αvβ3 and α5β1 integrins, whereas VN activates αvβ3 but not α5β1. 4 
MATERIALS AND METHODS
2.1. Substrate Preparation. Microgrooved substrates, consisting of arrays of parallel grooves, were fabricated by photolithography, where the lateral size of the grooves was determined. The height of the grooves was controlled by physical vapor deposition (PVD). Firstly, a layer of hexamethyldisilazane (Sigma-Aldrich) was applied to silicon wafers (Siegert Wafer GmbH, Germany) after prebaking them for 30 min at 200°C, to improve the adhesion of the photoresist. Afterwards, the wafers were coated with the positive photoresist ma-P1210 (Micro Resist Technology GmbH, Germany) to achieve a thickness of approximately 1.0−1.2 μm, followed by a 1 min bake at 100°C. Coated wafers were aligned (MJB4, Suss MicroTech GmbH, Germany) to a chromium photomask (ML&C GmbH, Germany) and exposed to UV light (λ = 405 nm). After this process, the solubilized regions were removed with a developer solution (ma-D531, Micro Resist Technology GmbH, Germany) and a chromium layer of the desired thickness was deposited via PVD. The remaining photoresist was then removed by sonication for 5 min in a remover solution (mrRem 660, Micro Resist Technology GmbH, Germany). The silicon wafers with chromium microridges were used as templates for replica molding with Sylgard 184 (Dow Corning). PDMS was mixed at a 10:1 ratio (elastomer/curing agent) and incubated at 65°C for 24 h to obtain microgrooved PDMS substrates with 650 nm deep (D) and 5 μm wide (W) grooves. The PDMS substrates were characterized with a Zeiss Ultra 55 (Carl Zeiss, Germany) scanning electron microscope ( Figure S1 ). Flat PDMS substrates were also produced and used as control.
2.2. Substrate Coating. Prior to cell seeding, the PDMS substrates were sterilized with an aqueous 70% ethanol solution. Afterwards, they were either incubated with 10 μg/ mL human fibronectin (FN) or with 2.25 μg/mL of bovine vitronectin (VN) (Sigma-Aldrich) for 30 min to achieve their successful physisorption on the PDMS. Washings were performed after each step with phosphate buffered saline (PBS).
2.3. Cell Culture. Human coronary artery endothelial cells (EC) were cultured in endothelial cell growth medium supplemented with supplement mix (Promocell, Germany) and 1% penicillin/streptomycin (Life Technologies). Human osteosarcoma cells (U2OS) and human skin fibroblast cells (FC) were cultured in Dulbecco's modified Eagle's medium GlutaMAX with 4.5 g/L glucose and (−) pyruvate (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin. EC below passage 7 were used to avoid dedifferentiation. The cells were maintained in an incubator at 37°C, 5% CO 2 , and high humidity (>90%). Subculturing was performed with trypsin/ethylenediaminetetraacetic acid 0.04% (Promocell, Germany) before reaching 100% confluence.
Cell Seeding and Fixation.
In all experiments, FC were seeded at a density of 15 cells/mm 2 , EC at 20 cells/mm 2 , and U2OS at 15 cells/mm 2 to avoid mutual disturbance during migration. After cell seeding for 72 h, the cells were fixed on the substrates with paraformaldehyde (PFA 4% in PBS, Serva Electrophoresis GmbH, Germany). PFA was removed after exactly 15 min and the substrates were washed with PBS. The substrates were finally stored at 4°C in the dark until staining.
2.5. Immunostaining. The cells were permeabilized by 3 min incubation in 0.1% Triton X-100 (Sigma-Aldrich) in PBS. They were then incubated for 30 min in 1% bovine serum albumin (BSA; Sigma-Aldrich). Afterwards, the cells that were stained for nuclei, actin filaments, and FAs were incubated for 1 h with mouse antipaxillin (BD Biosciences) at 1:400 dilution in PBS with 1% BSA. Then, they were incubated in a PBS solution of 4′,6-diamidino-2-phenylindole dihydrochloride at a dilution of 1:1000 (Serva Electrophoresis GmbH, Germany), phalloidin tetramethylrhodamine (TRITC) at 1:50 (SigmaAldrich), and goat antimouse Alexa Fluor 488 (Life Technologies) diluted at 1:100 for 45 min. Alternatively, the cells that were stained for specific integrins were incubated in a PBS solution with 1% BSA containing 1:100 anti-integrin-αVβ3 (MAB1976, mouse antihuman, Millipore) and 1:100 anti-integrin-α5 antibodies (MAB11, rat antihuman, provided by Prof. Yamada, National Institute for Dental Research, Bethesda, MD) for 1 h. The samples were subsequently incubated for 45 min in a solution of 1:50 goat antimouse Alexa Fluor 647 (Life Technologies) and 1:50 goat antirat Alexa Fluor 488 antibodies (Life Technologies) diluted in PBS with 1% BSA. All of the incubations with antibodies were performed at room temperature in wet chambers. Between incubations and prior to imaging, the samples were washed with PBS.
2.6. Image Acquisition. For cell migration studies, phase contrast images were acquired every 10 min for 24 h with an inverted microscope (Observer Z1, Carl Zeiss, Germany) and a 5× objective (N-Achroplan, Carl Zeiss, Germany). Fluorescence microscopy was used to visualize the actin cytoskeleton and paxillin-FAs in an inverted microscope Imager Z1 (Carl Zeiss, Germany) using 20× and 40× Achroplan objectives (Carl Zeiss, Germany). The specific integrin clusters were imaged with a 40× oil immersion objective (Leica HCX PL APO, Leica Camera AG, Germany) and a zoom factor of 2 in a confocal microscope (Leica TCS SP5 X, Leica Microsystems, Germany) equipped with a mercury metal halide bulb (Leica Camera AG, Germany).
Data Analysis and Statistics. All images were analyzed with ImageJ
51 and the resulting data were processed with Origin (OriginLab). Cell migration trajectories, from a total of 60 cells per experiment from three independent experiments, were manually tracked with an ImageJ plugin, MTrackJ, 52 where the cell migration speed was calculated. Cell morphological parameters were calculated for at least 166 manually marked cells from at least three independent experiments for each experimental condition. The total area of αvβ3 and α5β1 FAs of 30 cells in total from 2 different experiments was automatically analyzed with ImageJ.
To calculate the average cell directionality, the following formula was used
where α is the angle in radians between the first and last points of the track, and the direction of the grooves or the X-axis in flat substrates. S direct. = 1 is obtained when cells migrate parallel to the reference (groove direction), S direct. = 0 when they migrate randomly, and S direct. = −1 when cells migrate perpendicular to the reference. Cell aspect ratio (AR) was calculated as follows A maj and A min represents the major and minor axes, respectively, of a fitted ellipse on the cell.
Migration persistence time was calculated by dividing the total time that cells migrated (24 h) by the number of times cells changed the direction of migration in each axis, as previously described ( Figure S2 ). 54 Boxplots were used to represent the distribution of values obtained for the cell morphometric and migration parameters as well as the integrin-FA area. The average value (□), the median (horizontal line in the middle of the box), the interquartile range (IQR, "middle fifty", illustrated as the box), and one positive and negative standard deviation presented by the whiskers of the IQR of each data set are provided.
To corroborate the results, statistical significance was determined by the nonparametric Kruskal−Wallis analysis of variance (ANOVA) test (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (Figures 1 and S3) . The depth of the microgrooves was inspired on the sizes of collagen bundles in vivo 55 and specifically chosen to ensure a high response in terms of morphology adaptation and migratory behavior of the cells. 56−58 Moreover, a width of 5 μm was selected to avoid the confinement growth of FAs, 59 which usually present a smaller size. 60, 61 As shown in Figure 1A , the migration speeds of EC (0.75− 0.84 μm/min) are higher than the ones exhibited by FC (0.43−0.52 μm/min) and U2OS (0.21−0.49 μm/min). EC migrated significantly slower on microgrooved substrates than on the flat ones when coated with VN. In contrast, no differences were observed on FN coatings. On structured substrates, EC migrated faster on FN-coated than on VNcoated surfaces, whereas EC on flat substrates showed no differences. FC did not exhibit any significant change in migration speed due to topography or protein coating, in contrast to U2OS, which showed remarkable coating-and topography-dependent differences. On both coatings, U2OS migrated significantly slower on microgrooves than on flat substrates. Additionally, the speed of this cell type was severely reduced (by 50% or more) on VN in comparison with FN coatings, both on microgrooved and flat substrates ( Figure  1A) . Thus, cellular responses are highly dependent on the cell type. In responsive cells, microgrooves and VN-coating tend to reduce the migration speed.
Additionally, the cells were observed to migrate preferentially along the direction of the microgrooves on structured substrates, as previously reported. 62, 63 More specifically, a median directionality value (S direct. ) higher than 0.45 was obtained under all the conditions, whereas on flat substrates, the cells migrated randomly (S direct. ≈ 0), in the absence of a guiding signal ( Figure 1B) . The maximum median S direct. is observed with FC, with S direct. ≈ 0.63, whereas for the other two cell types, S direct. is below 0.55. These results are in agreement with the reported observation that FC migrated more directionally along the microgrooves of D = 200 nm and W = 2 μm than EC. 30 No significant differences were observed on structured substrates between coatings regardless of cell type, indicating no influence on cell contact guidance due to surface coating. In contrast, EC and U2OS seeded on flat substrates showed slightly higher directionality on FN-than on VN-coated substrates. Migration directionality is therefore highly influenced by the presence of microgrooves. In their absence, the results vary depending on the cell type and surface coating. To determine if surface coating influences migration persistence, which is related to the cell steering mechanisms, 64 the cell persistence time was analyzed ( Figure 1C ). All cell types migrated significantly longer time along the X-axis on microgrooved substrates, i.e., along the microgrooves, than on flat surfaces independent of the protein coating. Thus, microgrooves favor longer migration times along them. Additionally, U2OS migrated for longer times on VN-coated surfaces than on the FN-coated ones when the same topographical condition was used, whereas the opposite trend was observed for FC on flat substrates. Along the Yaxis (perpendicular to the microgrooves), no clear tendency was observed regarding the differences in persistence time between microgrooved and flat substrates for a given coating ( Figure S3 ). These results indicate that microgrooves guide the cell steering system, increasing the cell migration persistence, mainly along their axis. Moreover, the effect of surface coating varies across cell types, U2OS being the most sensitive cell type to this parameter.
By comparing both coatings (FN and VN) in each surface topography condition (microgrooved and flat substrates), we observed that cell migration is highly dependent on cell type, which could explain the differences reported in the literature 23 ,25−28 and could be caused by the different set of integrins expressed by each cell type. 3 Nevertheless, some general trends were observed, such as the clear influence of microgrooves on directionality and persistence, with the cells mainly migrating along the axis of the grooves. Moreover, the previously observed correlation between cell migration speed and persistence time was confirmed for U2OS. 54 The faster the cells migrate, the smaller their persistence time is ( Figure 1D) .
Effect of Substrate Topography and Coating on Cell Morphometric Parameters Related to Cell
Adhesion. To further investigate the role of surface coating on cells, the morphological adaptation of EC, FC, and U2OS on the different substrates was studied (Figure 2) .
FC showed the largest median areas (2193−2812 μm (Figure 2A ). All cell lines showed an equal or larger area on flat substrates than on microgrooved ones. Moreover, this area was smaller on VN-coated than on FN-coated substrates. The only exception to this observation was the U2OS seeded on microgrooved substrates, where the VN coating promotes significantly higher cell areas than the FN coating. Thus, all cell lines adapted their area size to the chemistry and topography of the surface. Additionally, cell elongation was analyzed through the cell aspect ratio (AR). A significant increase of the median AR of cells on microgrooved substrates (3.34−1.93) in comparison with flat surfaces (2.25−1.66) was observed ( Figure 2B ). On microgrooved substrates, both FC and U2OS were significantly more elongated on FN-coated substrates than on VN-coated ones, whereas no significant differences in cell elongation due to substrate coating were observed in these two cell types on flat surfaces. EC instead were significantly more elongated on VN-coated microgrooved and flat substrates than on FNcoated ones. As previously observed, FC elongated more on microgrooves than EC. 30 By analyzing the cell circularity, which is proportional to the area divided by the square of the perimeter, we observed in both coating conditions that all cell types show a significantly higher median circularity on flat (0.50−0.26) than on microgrooved substrates (0.41−0.22) ( Figure 2C ). FC and U2OS were significantly more circular on VN-coated substrates than on the FN-coated ones, except for FC on flat substrates, where no coating-dependent differences in circularity were observed. Conversely, EC median circularity was significantly higher on FN-coated substrates than on the VNcoated ones.
As observed in cell migration, cell morphology is clearly affected by the presence of microgrooves. Specifically, cells seeded on flat substrates resulted in larger cell areas with lower elongation and higher circularity than cells seeded on microgrooved substrates. Additionally, the response to surface coating was highly dependent on cell type, probably due to the different integrin expression patterns of cells.
3.3. Integrin Expression in FAs of Cells on ProteinCoated Microgrooved Substrates. As mentioned above, cell adhesion and migration are known to be mediated by internal structures related to mechanotransduction such as the actin cytoskeleton and FAs. However, the influence of topography on these structures remains controversial. For example, some reports showed an increase of FA size on flat surfaces in comparison with microgrooved or nanostructured substrates, 65, 66 whereas some others showed the opposite. 57, 67, 68 To shed light on this, the actin cytoskeleton and FAs were qualitatively analyzed.
As shown in Figure 3 , an increased number and size of FAs and actin stress fibers (SFs) were observed for all cell types on flat substrates in comparison with microgrooved substrates for any given ECM protein coating. Thus, the influence of topography on cell behavior could also be confirmed at the subcellular level.
To explain the differences related to surface coating and topography, we analyzed the presence of specific integrins, namely αvβ3 and α5β1, in the FAs (Figures 4 and 5) . EC exhibited significantly larger α5β1 and αvβ3 FAs on FN-coated than on VN-coated microgrooved substrates. Moreover, on FN-coated substrates, the α5β1 FA area on microgrooved substrates was significantly larger than that of flat substrates. On VN-coated substrates, αvβ3 FAs were significantly larger on flat than on structured substrates. The FA area of FC did not significantly change due to chemical composition or substrate topography, with the only exception of α5β1 FAs which were significantly larger on FN-coated microgrooved substrates than on the VN-coated ones, as expected given that VN triggers αvβ3. 4, 34, 49 U2OS showed significantly larger αvβ3 FAs than α5β1 on both VN-coated flat and microgrooved substrates. Instead, on FN-coated microgrooved and flat substrates, no differences in the FA area was observed between integrins. Moreover, FAs of both integrin types were significantly larger on FN-coated substrates than on the VNcoated ones, except for αvβ3 FAs on flat substrates where no significant differences were found. Surprisingly though, the VN-coated substrates, especially for EC, appeared to show similar sizes for α5β1 than for αvβ3 FAs. However, although αvβ3 expression mainly comes from clusters located at the cell periphery as expected, the α5β1 expression mainly consists of speckles at the perinuclear area (Figure 4) . Thus, the apparently high α5β1 results can be explained by software overevaluation of the central cell areas.
In summary, we can state that all three cell types exhibited particularities in the adaptation of the FA composition to the different substrate topographies, as mainly observed in the cell migration and morphological studies. However, the migration and morphological parameters that were clearly impacted by topography such as migration directionality or cell circularity could not be clearly correlated with integrin expression, although previous reports indicated that "2.5D" and 3D structures modify FA and integrin distribution. 69, 70 Conversely, other parameters were mainly affected by protein coating such as migration speed, which could be therefore mostly related to α5β1 and αvβ3 expression. For example, the higher speed observed for U2OS on FN-than VN-coated flat and microgrooved substrates correlated with the larger FA total area, as previously observed. 24, 61, 71, 72 Moreover, this area can be associated with the expression of α5β1, given that αvβ3 is also expressed on VN-coated substrates. 4, 34, 49 Thus, migration speed is probably boosted by α5β1 and its role activating RhoA, which results in the development of actin SFs. 73, 74 However, the higher cell persistence observed by U2OS on VN-coated substrates is not supported by a clear αvβ3 FA area enhancement. Thus, we believe that other structures, for example, micropatterns with deeper grooves could be explored in the future to further study the interaction between surface topography and surface chemistry on integrin-mediated cell adhesion and migration of different cell types. Possibly, the common traits found across the experiments could be explained by the shared biological functions associated with e.g., the adherent character of the studied cell types, whereas noncommon biological functions may result in different mechanisms. 75, 76 Indeed, different biological functions associated with either healthy or malignant tissues are determined by different integrin expressions, 77 e.g., white blood cells even possess specific integrins that are not expressed in other mammalian cells. 3 Additionally, the influence of other parameters such as surface stiffness might also play a role, 77−80 e.g., its relevance was shown in force generation, actin flow, and integrin expression of certain subtypes such as α5β1 and αvβ6. 77 Thus, the effect of surface stiffness on α5β1 and αvβ3-integrin mediated cell adhesion and migration might be systematically studied in the future.
CONCLUSIONS
The role of surface coating (FN or VN) and topography (flat or microgrooved polymeric substrates) in integrin-mediated cell adhesion and migration of different human cell types (EC, FC, U2OS) has been analyzed. It can be concluded that although some general behaviors are acknowledged, cell migration (speed, directionality, and persistence time) and morphological adaptation (cell area, and especially aspect ratio and circularity) are highly dependent on the cell type and its particular integrin expression. Nevertheless, further studies varying the sizes of the micropatterns, e.g., increasing the depth of the grooves, could result in clearer interactions between surface topography and chemistry. Thus, the protein-coated micropatterns are a promising tool to continue shedding light on the intricate roles of αvβ3 and α5β1 integrins, which might eventually give some new insights into the integrin-related biomedical industry. 
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